Abstract: Selenite-induced oxidative stress and its relationship to mitochondrial apoptosis was studied in human adenocarcinoma HT-29 cells.
Introduction
Selenium is an essential trace element that is involved in many physiological processes such as the regulation of cell cycle and cell proliferation along with protection against oxidative stress, DNA damage and apoptosis [1, 2] . Inadequate selenium intake has been pinpointed as a risk factor for the development of many malignancies including colorectal cancer [3] . Conversely, supplementation with selenium decreased both experimentally and clinically development of several types of tumors [4, 5] . Still, results of many studies indicate that the chemopreventive potential of selenium is complex and appears to depend on the type of exposed cells or tissues, employed selenium doses, its chemical form and intracellular metabolism.
Selenite has been shown to have antiproliferative, cytotoxic and proapoptotic properties [6] . Studies carried out on different experimental models suggested that these inhibitory effects are mediated by increased generation of reactive oxygen species (ROS), in particular superoxides, which alter functioning of cellular antioxidant thioredoxin and glutathione systems [7] [8] [9] . Moreover, exposure to selenite results in formation of DNA strand breaks and activation of p53-dependent signaling, culminating in the cell cycle arrest and mitochondrial apoptosis [10, 11] . In addition, through increased levels of ROS, selenite has been demonstrated to trigger conformational change in Bax and promote its direct translocation into mitochondria to mediate cytochrome c release, even in the presence of mutant p53 protein [12] .
Although the importance of mitochondria in selenite-stimulated ROS production and apoptosis is acknowledged, details concerning the interactions between individual stimulated mediators and mitochondria remain unclear. It is especially true in the case of colon cancer cells which show high resistance to apoptosis, feature deregulated pro-survival mechanisms such as the phosphatidylinositol-3-kinase (PI3K)/protein kinase B (Akt) pathway [13] and often harbor mutations in p53-associated signaling cascade. Thus in the present work we wanted to investigate the mechanisms of seleniteinduced apoptosis in human adenocarcinoma HT-29 cells while focusing on the activation of proapoptotic mediators and their interaction with mitochondria. We show that selenite induces caspase-dependent apoptosis which is mediated by mitochondria via translocation of Bax and release of cytochrome c, apoptosis-inducing factor (AIF) and second mitochondria-derived activator of caspases (Smac)/ direct inhibitor of apoptosis (IAP) binding protein with low isoelectric point, pI (DIABLO) -Smac/Diablo. Selenite activates stress kinases p38 and JNK while suppressing reduced glutathione (GSH) and thioredoxin reductase (TrxR) levels, transiently inducing heme oxygenase (HO-1) system as well as reducing Akt expression. Pre-treatment of cells with antioxidants and stress kinase inhibitors significantly prevented seleniteinduced cell death, thereby implicating oxidative stress as direct (Bax) as well as indirect (via kinases) cause of cell demise. These results demonstrate for the first time active proapoptotic and anti-survival effects of selenite in colon cancer cells.
Experimental Procedures

Reagents
iodide, glutathione reductase (GR), β-NADPH, 5,5´-dithio-bis(2-nitrobenzoic acid) (DTNB), reduced glutathione (GSH), oxidized glutathione (GSSH), JC-1, N-acetylcysteine (NAC), p38-specific inhibitor SB 203580, JNK-specific inhibitor SP600125, primary antibody against cytochrome c, β-actin and caspase inhibitors DEVD-AFC for caspase-3, and Ac-LEHD-AFC for caspase-9 were purchased from Sigma-Aldrich (Prague, Czech Republic). Bax, Smac/Diablo and apoptosis-inducing factor (AIF) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Antibodies against HO-1 and thioredoxin reductase (TrxR) were from Santa Cruz Biotechnology, Inc., (Santa Cruz, CA, USA). Secondary antibodies were from Alexis Corporation (Lausen, Switzerland). SOD catalase mimetic Mn(III) Tetrakis(1-methyl-4-pyridyl) porphyrin pentachloride (MnTMPyP) and p53-specific inhibitor Pifithrin {2-(4-Methylphenyl)imidazo[2,1-b]-5,6,7,8-tetrahydrobenzothiazole, HBr QB102)} was acquired from Calbiochem (EMD Biosciences, Inc., La Jolla, Ca, USA). All other chemicals were of highest analytical grade.
Cell culture
The human adenocarcinoma cell line HT-29 (ATTC, No. HTB-38, Rockville, U.S.A) was grown in a humidified 5% CO 2 atmosphere at 37°C in Dulbecco's modified Eagle's medium -DMEM (Gibco, Prague, Czech Republic) supplemented with 10% fetal bovine serum (Gibco, Prague, Czech Republic), penicillin G (100 U/ml) and streptomycin (100 µg/ml). The SP600125 and SB 203580 were dissolved in DMSO as stock solutions. Stock solutions of NAC and MnTMPyP were prepared in serum-free DMEM. The working concentrations of individual chemicals were achieved by diluting their stock solutions in treatment medium and were as follows: NAC (100 mM -added to cells 2 h prior to selenite exposure), MnTMPyP (5 µM -added to cells 24 h prior to selenite exposure; i.e. during plating), SP600125 and SB 203580 (all 10 µM -supplemented to cells 30 min before exposure to selenite) and Pifithrin (30 µM -added to cells 1 h prior to selenite treatment). Neither of the added chemicals had any effect on cell viability, plating efficiency and proliferation when administered alone.
Cytotoxicity and apoptosis
HT-29 cells at a concentration of 30,000 cells/well in 200 μl of DMEM containing 10% fetal bovine serum were seeded in 96-well microtiter plates, with the first column of wells without cells (blank). The cells were allowed to settle overnight at 37°C and in 5% CO 2 . Next, cultures were exposed to selenite. At the end of treatment, cells were rinsed with PBS, 100 μl of WST-1 was added and cultures were further incubated for 2 h. The absorbance was recorded at 450 nm with 650 nm of reference wavelength by a multiplate reader TECAN SpectraFluor Plus (TECAN Austria GmbH, Grödig, Austria). Each selenite concentration was tested in 12 wells per plate per experiment. In all cases, the absorbance of the tested substance in medium was recorded to rule out any interference with the assay.
For determination of apoptosis, HT-29 cells pooled from five Petri dishes (plating density 30,000 cells per plate) were harvested with 0.1% trypsin, rinsed with PBS (5 min) and fixed in 70% ethanol at 4°C for 24 h. After rinsing fixed cells in PBS (5 min), cells were resuspended in a solution containing 0.1% Triton X-100, 50 µg/ml RNaseA and 0.5 µg/ml propidium iodide. Following the incubation (30 min, 25°C, dark room), the apoptotic cell populations were determined using a flow cytometer Cell Lab Quanta™ SC (Beckman Coulter Inc. Brea, CA, USA).
Oxidative stress
Generation of hydrogen peroxide and/or hydroxyl radical in treated and control HT-29 cells was measured by intracellular conversion of 2´-7´-dichlorodihydrofluorescein diacetate (DFCH/DA) into a fluorescent product dichlorofluorescein (DCF). Briefly, cells grown in 96 well plates (plating density 30,000 cells/well) were rinsed in PBS, resuspended in DMEM (pH adjusted to 7.2) and 5 μmol DFCH/DA was added (5 min, 37°C). Changes in the fluorescence intensity (485 nm excitation; 538 nm emission) were measured by a multiplate reader TECAN SpectraFluo Plus (TECAN Austria GmbH, Grödig, Austria). In one experiment, the data from 12 wells per each time interval for selenite treatment and control were collected and expressed as a percentage of fluorescence intensity increase per 10 6 cells.
GSH assay
HT-29 cell cultures grown in cultivation flasks (final cell concentration 5 x 10 6 per ml) were enzymatically detached (Trypsin 0.05/EDTA) and collected by centrifugation at 1,000 x g for 5 min at 4°C (JOUAN, Nantes, France). The obtained pellet was rinsed with PBS and mixed with distilled water to the final volume of 2 ml. Aliquots of this lyzate were either used for measurement of protein content by bicinchoninic acid assay -BCA assay (Bicinchoninic acid kit for protein determination, Sigma-Aldrich, Prague, Czech Republic) or diluted with EDTA-phosphate buffer and used for GSH assay. For this assay, sample aliquots were mixed with NADPH, GR and DTNB. After adding NADPH, the change in absorbance during 6 min was followed at 412 nm using a Shimadzu UV -Visible Spectrophotometer UV -1601 (SHIMADZU DEUTSCHLAND GmbH, Duisburg, Germany). Data were expressed as mM GSH/mg protein on the basis of a GSH calibration curve.
Mitochondrial membrane potential
Cells were seeded to 96-well plates with black bottom at the density of 10,000 cells/well and allowed to grow overnight at 37°C and 5% CO 2 . At specified time intervals following the treatment with selenite, cells were rinsed in PBS and stained with cationic JC-1 dye (10 μg/ml) for 15 min at 37°C. Following the rinsing with warm cultivation medium, changes in mitochondrial membrane potential in at least 50,000 target cells (in one experiment readouts were from 6 wells per plate) for total assay were assessed by a multiplate reader TECAN SpectraFluo Plus (TECAN Austria GmbH, Grödig, Austria) at 485/520 nm (for the monomer form) and 520/590 nm (for the aggregate form) filter combinations, respectively. Results were expressed as percentage of control after blank subtraction.
Caspase activity
Selenite-treated and control cultures (final cell concentration 5 x 10 6 per ml) at individual time intervals were harvested by centrifugation (600 g, 5 min, JOUAN MR 22, Trigon, Prague, Czech Republic) and lysed on ice for 20 min in a lysis buffer containing 50 mM HEPES, 5 mM CHAPS and 5 mM DTT. The lysates were centrifuged at 14,000 g, 10 min, 4°C, and the supernatants were collected and stored at -80°C. The enzyme activity was measured in a 96-well microplate using a kinetic fluorometric method based on the hydrolysis of the fluorogenic caspase-specific substrate (DEVD-AFC for caspase-3, and Ac-LEHD-AFC for caspase-9, 37°C, 1 h) by individual caspases. Specific inhibitors of caspase-3 and caspase-9 were used to confirm the specificity of the cleavage reaction.
Fluorescence was recorded at 460/40 nm after excitation at 360/40 nm using TECAN SpectraFluor Plus (TECAN Austria GmbH, Grödig, Austria). Results are shown as fold increase in activity relative to untreated cells.
Cell lysates
Selenite-treated and control cells (final cell concentration 5 x 10 6 per ml) were harvested at different time intervals with trypsin, washed with PBS and centrifuged (2000 rpm, 5 min, 4°C). The resulting pellet was used for preparation of whole cell lysates; cells were resuspended in 5 ml of ice-cold lysis buffer (137 mM NaCl, 10% glycerol, 1% n-octyl-β-D-glucopyranoside, 50 mM NaF, 20 mM Tris, 1 mM sodium orthovanadate and Complete TMMini) and stored at -20°C until further use. Alternatively, cytosolic and mitochondrial extracts were acquired from the same cells via the Mitochondria Fractionation Kit (Active Motif, Rixensart, Belgium). Briefly, cells were repeatedly washed with PBS and centrifuged (3000 rpm, 5 min, 4°C). After incubation on ice with cytosolic buffer (15 min) and homogenization lysates were twice centrifuged (3000 rpm, 15 min, 4°C) to remove nuclei and supernatants were spun at 20,000 rpm for 20 min at 4°C. Pelleted mitochondria were washed with cytosolic buffer, lysed with Complete mitochondria buffer, incubated on ice (15 min) and vortexed. Cytosolic supernatant obtained in the previous stages was centrifuged at 14,000 rpm for 30 min at 4°C to remove residual mitochondria. Finally, both fractions were stored at -20°C until further use.
Immunobloting
The whole cell, mitochondria and cytosolic lysates were boiled for 5 min/95°C in SDS sample buffer (Tris-HCl pH 6.81, 2-mercaptoethanol, 10% glycerol, SDS, 0.1% bromphenol blue) and thereafter were loaded onto a 12% SDS/polyacrylamide gel. Each lysate contained equal amount of protein (30 μg -whole cell, 40 μg -cytosol cell, 25 μg -mitochondria) as determined by BCA assay. After electrophoresis, proteins were transferred to a PVDF membrane (100 V, 60 min) and incubated at 25°C for 1.5 h with a solution containing 5% nonfat dry milk, 10 mM Tris-HCl (pH 8.0), 150 mM sodium chloride, and 0.1% Tween 20 (TBST). Membranes were incubated with primary antibodies (anti-Bax, 1:600; anti HO-1, 1:1000; anti-TrxR, 1:450; anti-cytochrome c, 1:100; anti-AIF, 1:500; anti-Smac/Diablo, 1:250 and anti-β-actin, 1:750) at 4°C overnight followed by five 6 min washes in TBST. Next, the blots were incubated with secondary peroxidase-conjugated antibodies (1:1000, 1 h, 25°C), washed with TBST and the signal was developed with a chemiluminescence (ECL) detection kit (Boehringer Mannheim-Roche, Basel, Switzerland). In all experiments, protein loading was correlated to either β-actin or Cox IV expression.
ERK, JNK and p38 activities
Selenite-exposed cells and control cells (final cell concentration 5 x 10 6 per ml) were harvested and collected by centrifugation. Whole cell extracts were prepared and ERK, c-Jun N-terminal kinase (JNK) and p38 activities were measured using Elisa kits (Sigma-Aldrich, Prague, Czech Republic) specific for total ERK and phospho-ERK (pTpY 185/187 ), total and phospho-JNK (pTpY 183/183 ) and total and phospho-p38
(pTpY 180/182 ) according to manufacturer's instructions. The assays were performed in 96-well plate format and samples were read against standard curves obtained from p38 and phospho-p38, JNK and phospho-JNK and ERK and phospho-ERK standards. Results were normalized to micrograms of protein in the cell extract and expressed as the ratio of phospho to total kinase in the same sample. The results of selenite treatment were expressed as percentage of control values.
Statistics
Statistical analysis was carried out with a statistical program GraphPad Prism 4.0 (GraphPad Software, Inc. San Diego, U.S.A.). We used one-way ANOVA test with Dunnett's post hoc test for multiple comparisons. Results were compared with control samples, and means were considered significant if P<0.05.
Results
The effect of selenite on HT-29 cell proliferation and apoptosis was evaluated during 48 h of treatment. Selenite induced a significant loss of cellular viability at 24 h and 48 h of exposure, respectively which was accompanied by a gradual increase in the proportion of apoptotic cells, which reached the maximum reading at 48 h of exposure ( Figure 1A, B) . Moreover, the use of antioxidants NAC or sodium catalase-mimicking MnTMPyP significantly attenuated selenite-induced cell death ( Figure 1B) . Concomitant with observed inhibition of cells proliferation, decreased expression of Akt kinase, a known proliferation inducer was noted ( Figure 1C) .
Since prevailing mechanism of selenite-induced toxicity in cells is generation of oxidative stress, ROS levels in treated HT-29 cultures were measured. A significant elevation in ROS levels started at 12-24 h period of exposure and reached its peak at 36 h of treatment. The pre-treatment of cells with antioxidant NAC or MnTMPyP markedly reduced ROS levels in selenite-treated cells (Figure 2) .
When generated in excessive amounts, ROS are known to exhaust intracellular defense mechanisms while activating several stress-response pathways. Thus in the next step, we first determined the status of several of these systems including GSH, HO-1 and TrxR. Biochemical as well as immunoblotting analyses showed that initially, selenite increased HO-1 protein abundance in HT-29 cells which was followed by its gradual decline at later treatment periods. Conversely, TrxR and GSH levels decreased gradually in selenite-exposed cells ( Figure 3A and B) . Administration of NAC restored GSH abundance in exposed cells but had minimal effect on TrxR and HO-1 expression ( Figure 3C) .
Upon oxidative or genotoxic stresses, several mitogen-activated protein kinases (MAPKs) may be activated which regulate via transcription of target genes stress response. The activation of ERK, p38 and JNK kinases in colonic HT-29 cells treated with selenite was evaluated using the biochemical assays. Selenite increased the activity of p38 and JNK kinases which became significant at late treatment intervals (at 36 h of exposure for JNK and between 24 and 48 h of exposure for p38, respectively). On the other hand, no changes in ERK activity were observed at all treatment intervals (Figure 4) .
Changes in mitochondrial membrane potential and subsequent mitochondrial transition pore opening are established events in mitochondria-dependent activation of apoptosis by many factors including oxidative stress inducers. Thus treatment of HT-29 cells with selenite induced a time-dependent decrease in mitochondrial membrane potential, culminating between 24 h and 48 h of exposure, respectively. In addition, significant mitochondrial translocation of Bax was observed already at 24 h of treatment, followed by mitochondrial loss of cytochrome c (24 h -36 h) and release of AIF and Smac/ Diablo mediators at later exposure periods of 36 h and 48 h, respectively. Moreover, other presented results show that caspase-9 became significantly activated after a peak release of cytochrome c into cytosol with subsequent rapid increase in caspase-3 activity (36 -48 h of treatment) ( Figure 5 ). The pretreatment of cells with NAC or MnTMPyP prevented decrease in mitochondrial membrane potential and suppressed activation of caspase-3 in much the same way as the administration of p38 and JNK inhibitors. Conversely, administration of a specific p53 inhibitor Pifithrin failed both in protecting mitochondria and suppression of caspase-3 ( Figure 6 ). (D) Translocation of Bax into mitochondria and release of mitochondrial cytochrome c, apoptosis inducing factor (AIF) and Smac/Diablo into cytoplasm determined using Western blotting analysis with subsequent densitometric analysis using GelQuant Ver 2.7 software (DNR Bio-Imaging Systems, Jerusalem, Israel). Cells were exposed to selenite and individual endpoints were analyzed as described in Experimental Procedures section. Results represent means ± SD of at least three experiments *P<0.05 compared to untreated control cells with one way-Anova test and Dunnett's post hoc test for multiple comparisons.
Discussion
Selenium may influence the development and progression of colon cancer by protecting target cells via induced activity of their antioxidant systems, increased metabolism of carcinogenic agents or improved actions of immune system. Moreover, selenium and in particular selenite is known to exert important chemopreventive activities towards malignant cells [14] . Selenite at lower concentrations has been shown to inhibit proliferation of colon cancer cells and to induce S/G 2 cell cycle arrest, mainly by up-regulating the gadd45 gene and through the increased expression of cell cycle inhibitor p21 [6] . Furthermore, malignant colonic cells exposed to higher concentrations of selenite were reported to undergo cell death-apoptosis which was attributed to selenitemediated oxidative stress and changes in calcium signaling with subsequent loss of mitochondrial function [15] . Still, to our knowledge the role of mitochondrial signaling in selenite-induced apoptosis has not yet been addressed, particularly with respect to involved selenite-activated ROS signaling which is generally acknowledged [16] .
Thus in the present study we wanted to characterize selenite-induced apoptosis in HT-29 cells while using the concentration previously reported to induce apoptosis in the same cells [17] and focus on the activation of ROSdependent signaling cascades and their interaction with mitochondria. As expected, selenite-mediated apoptosis of HT-29 cells is mitochondria-dependent as demonstrated by loss of mitochondrial membrane potential, release of mitochondrial death substrates, and activation of caspase-9 and -3 in exposed cells. The mechanism of our observed mitochondrial perturbation is very likely selenite-mediated oxidative stress which has been repeatedly reported in various models including colon cancer cells [18] [19] [20] and which could be in our case prevented by pre-treatment of cells with various antioxidants. Oxidative stress is, however, not a single targeted phenomenon but rather seems to be responsible for various effects within exposed cells, affecting both cellular defense mechanisms as well as activating stress-signaling mechanisms. In line with this notion, selenite reduced GSH and TrxR levels as well as transiently induced HO-1 expression in treated cells. Changes in TrxR activity and GSH synthesis in selenite- treated cells have been reported before [7, 17] ; however, effect of selenite on HO-1 expression has not to our knowledge been published. Of note, although HO-1 was induced by selenite its role in attenuating final cell damage seems to be limited in the present model which is in line with its established role as antiapoptotic and protective factor. The effects of selenite on cancer cells might also be limited by its bioavailability which could be estimated via glutathione peroxidase (GPx) activity as shown by others [21] . This activity was not determined in the present model; however, from other evidence presented it could be inferred that the tested selenite concentration was in the present model efficient. The survival promoting PI3K/Akt cascade is often overactivated in colon cancer [13] and may confer resistance to chemotherapeutics. Here we demonstrated that Akt protein abundance decreased in HT-29 cells following the treatment with selenite. It seems probable that enhanced selenite mediated-ROS production somehow modulated this decrease, which in turn favored the induction of apoptosis.
Another known oxidative stress-induced response pathway comprises so-called MAPKs whose three main members -ERK, JNK and p38 -were reported to be implicated in selenite-induced cell injury and cell death [18, 22, 23] . Our data demonstrate time-dependent significant activation of p38 and JNK kinases; however with different timing. While the p38 activity gradually increased until the end of the experiment, the JNK activity peaked at 36 h of exposure and then sharply decreased. It is known that the duration of JNK activation affects its role in apoptosis which is generally complex [24] . In this case it might be reasoned that beyond 36 h of treatment the JNK activity was no longer needed for apoptotic process as such and thus it became suppressed. Alternatively, JNK could have been subjected to degradation or inhibition via unknown mechanisms. Generally, these observations corroborate the findings of other reports while demonstrating their direct contribution to mitochondrial membrane transition as shown by employed specific inhibitors [25, 26] . Still, the unique observed behavior of JNK in selenite-induced apoptosis of HT-29 cells warrants further examination since it may provide insight into its biological function in colon cancer with future potential use for prevention and treatment of this disease.
An important element of response in cells exposed to oxidative stress is the p53 tumor suppressor gene whose product may act as a transcription factor by trans-activating several genes regulating cell cycle arrest, DNA repair or apoptosis such as Mdm2, p21, Bax, Noxa and Puma. In particular, p53-dependent activation and mitochondrial accumulation of Bax is one of the key steps in promoting mitochondrial membrane transition [27] . As shown in our data, selenite induced time-dependent accumulation of Bax protein, which changed its sub-cellular localization from cytoplasmic to mitochondrial. This finding might indicate that p53 was actively involved in selenite-induced apoptosis of colon cancer cells. On the other hand, it is known that HT-29 cells harbor a mutation in the p53 gene along with loss of its wild type allele, thus rendering p53 inactive and this fact effectively precludes any decisive p53 role in this case [28] . Still, recently, selenite-mediated Bax activation was reported in other colon cancer cell lines with a similar p53 mutant character [12] . The authors of this study provided the evidence of direct effect of selenite-generated ROS on Bax, which is most likely to be the case here too. Moreover, our conclusion is also based on the fact that p53-specific inhibitor Pifithrin was not able to prevent mitochondrial Bax translocation (data not shown) and to restore selenite-induced loss of mitochondrial membrane potential and activation of caspase-3 in treated HT-29 cells.
Analysis of mitochondrial compartment in selenitetreated cells demonstrated the specific cytochrome c, AIF and Smac/Diablo translocation to cytoplasm, which coincided with activation of caspase-9. While it is known that selenite induces mitochondrial release of cytochrome c in malignant colonocytes [12] , the role of AIF and Smac/Diablo in colon cancer remains unclear and the present work is first to report direct activity of both molecules in these cells. AIF represents one of the caspase-independent mechanisms whereby damaged cell executes apoptosis. Its role here however is likely only supportive, as the use of AIF-specific inhibitor did not afford significant protection against selenite-induced apoptosis (data not shown). Nevertheless, the fact that AIF is involved in death of colon cancer cells exerted by selenite argues for further research as its activation might be efficient in killing cells or tissues with impaired caspase signaling. Smac/Diablo as a proapoptotic protein regulates IAP availability by adhering to and neutralizing them. Expression profiles of IAP family and their relationship to colorectal cancer treatment and prognosis are not clearly established [29] . Still, importantly, their neutralization as a prerequisite for successful activation of caspases via chemotherapeutics is of prime importance. From this point of view, our data reveal another important characteristic of selenitemediated death of colon cancer cells.
In conclusion it seems clear that selenite activates multiple cellular responses in malignant colonocytes whose underlying mechanism is very likely oxidative stress-inflicted depletion of antioxidant mechanisms such as GSH, activation of several stress kinase cascades as well as Bax and initiation of mitochondria and caspasedependent cell death with concurrent involvement of cytochrome c and AIF. In addition, suppression of prosurvival Akt expression and neutralization of IAP via Smac/Diablo represent important adjunct results of selenite treatment. These findings therefore evidence ROS-dependent signaling and its interaction with mitochondria as an important mechanism whereby selenite induces apoptosis in colonic cancer cells.
